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I. INTRODUCTION

The chemical, structural, and tribological properties of sputtered molyb-
denun disulfide (MoS,) films have been studied extensively.1_7 In general,
the lubrication properties of films improve as the stoichiometries of the films
approach thgt of pure MoS,. Specific results of surface analyses and micros-
copy have demonstrated that sputter-deposited films can have substantially
different reactivities (i.e., oxidation chemistries) and different endurance
lives during standard sliding wear tests. Auger electron spectroscopy (AES)
and x-ray photoelectron spectroscopy (XPS) measurements have been used to
formulate a descriptive model of MoS§, film oxidation that is based on the
geometrical orientation of crystallites composing the films with respect to
the plane of the substrate surface.’»’ Calculations of AES and XPS peak
intensity ratios showed that 200-mm~thick films oriented with their basal
planes parallel to the substrate plane are oxidized in humid air to a depth of
only 1.0 to 1.5 mm, whereas films with random crystallite orientations are
oxidized to depths exceeding 30 m.”’ Crystallite orientation has also been
applied to describe variations in wear properties of the films.d It was
proposed that optimal films would have crystallites oriented parallel to the
substrate surface, an orientation that would extend throughout the depth of
the filu from the initial layers in contact with the substrate out to the
outer surface in contact with the environment. Achieving such preferred
orientation requires proper bonding to the substrate and careful control of

the deposition conditions so that the films have uniform structures.

The primary objective of this work is to determine the bonding and
deposition counditions that result in properly oriented films on substrates of
practical importance, such as bearing steels. To achieve this goal it was
first necessary to develop a convenient technique for examining the films'
interfacial layers and crystallite structures and to correlate the examination
results with the electron distributions between the substrate metal and the
sulfur or molybdenum atoms of the film. The correlation will determine the
strengths and geometrical arrangement of the bond between the two

constituents.
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Angle-resolved XPS or ultraviolet photoelectron spectroscopy (UPS),
coupled with appropriate shielding calculations, can provide the required
information on electron distribution and atomic arrangement. Our preliminary
measurements of XPS peak intensities as a function of the angle the electron
path makes with the sample plane—takeoff angle—for various MoS, samples,
verify the presence of oxide layers of different thicknesses on different
types of sputtered MoS, films, demonstrate the possibility of obtaining
oriented-interface films by sputter deposition, and identify oxidation of the

film~substrate interface as an influential process during deposition.




II. EXPERIMENTAL PROCEDURES

Films of MoS, were prepared with one of two different rf diode sputtering .
instruments operating at 2 kW with a frequency of 13.56 MHz and an argon
pressure ranging from 1.33 to 2.1 Pa. The 200~mm-thick films were prepared
from two diﬁferent sputtering targets (different vendors) on Cl018 steel sub-
strates.’>6 The targets were made from hot-pressed MoS; powder (99.9 percent
pure), were 254 mm in diameter, and were bonded to copper plates. The
specimens to be coated were located 25.4 mm below the target on a grounded

block. A 5-kVA dc power supply was used to sputter etch-clean the samples

before coating. These films were analyzed extensively. by AES and XPS after
storage in air at O percent relative humidity for 9 to 12 months.’ The films 1
were stored an additional 5 months under the same conditions before the angle-
resolved XPS measurements reported here were made. Thinner films, ranging
from ~ 4.3 to ~ 17 nm in thickness, were prepared in-house on molybdenite
single-crystal or 440C steel substrates with a sputtering apparatus similar to
that used for the thicker films but with the following differences: a gas
purifier was installed in the argon supply line; a shutter was incorporated in
the chamber, and the 152.4-mm-diam MoS, target was conditioned by presputter-
ing on the shutter for 45 to 50 min; the chamber was evacuated to a pressure

of 1.6 x 10~3 Pa before sputtering; the argon pressure during sputtering was
2.1 Pa; and the sputtering rate was ~ 20 nmemin~! for an rf power density of
2 Weenm™2. Single-crystal substrates, ~ 0.5 mm thick, were cleaved from a

thicker specimen and placed on the substrate table of the sputtering system

immediately before chamber evacuation. The MoS; film was deposited onto the
basal plane of the crystal. Stainless-steel substrates were polished opti-
‘f cally flat to a mirror finish.

X-ray photoelectron spectra were obtained with a GCA/McPherson ESCA-36
: spectrometer modified by the addition of a position-sensitive, multichannel
% detector,8 which increases the signal-to-noise ratio and decreases con-
é siderably the time to obtain a spectrum, thereby enabling relatively weak
signals to be measured at low takeoff angles. Figure 1 diagrams the geometry




of the sample in relation to the incident x-ray beam and the emitted electron

path. Electrons are emitted over a solid angle of 2% steradians, but the
spectrometer slit defines a small, approximately 0.7° acceptance aperture. The
smaller the takeoff angle 6 (the angle that the path of the analyzed electrons
makes with the sample surface), the greater is the relative enhancement of

signals from layers on the sample's outermost surface.9

X TS DETECTOR
| \
Nz v)_~1,

1 A\\ “LAYER A
T ’ LAYER B

Fig. 1. Schematic of arrangement for angle-
dependent XPS measurements. 0 is
the takeoff angle for electrons that
enter the analyzer slit; ¢ is the
angle between the x-ray beam and the
surface.

Freshly cleaved molybdenite single crystals were examined by the angle-
resolved technique to provide references for subsequent measurements and to
establish the technique's feasibility.
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III. ANGLE-RESOLVED SPECTRA

Standard XPS measurements are made with a constant takeoff angle, say,
45°, and produce a spectrum like that of the basal plane of a molybdenite
crystal (Fig. 2). Additional information concerning the electron orbitals
involved in the photoelectron transition and any layering of the atoms com-
posing the surface under analysis can be obtained by measuring XPS or UPS
spectra at different takeoff angles.g'lo Here, angular variations in the
intensities of XPS peaks are used to characterize the crystallites of MoS,
films as being oriented with their basal planes parallel to the substrate sur-
face or in a random configuration, and to characterize the oxidation processes

on these different types of film.
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Fig. 2. XPS spectrum of MoS, single crystal
(molybdenite).
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Changes occurring in a material's chemistry can be determined from the
values of the binding energies of peak maxima, data on peak shape, and ratios
of peak 1ntensities.5'7 Such changes could be associated with adsorption
onto, reaction of, or diffusion into the surface. Some information on depth,
for example, approximate M082 film oxidation depth, can be determined from
calculations of emitted-electron attenuation caused by scattering by atoms
that overlay the emitting atom and from measurements of such attenuations for
electrons of different energies.7 A generalized expression for emission of a
film of substance B covered by an overlayer of substance A is given in
Eq. (1):

Ix(B) = KA, exp(-tzllx) {1 - exp(-tI/Ax)] (1)

where t; is the thickness of the emitting layer (B), t, is the thickness of
the overlayer (A), Ax is the escape depth for the electrons emitted from ele-
ment x, and K contains terms for the excitation cross section, the number of
emitting atoms, and the spectrometer analyzer. Equation (1) is valid for the
case when electrons emitted along the surface normal are analyzed. More pre-
cise depth information can be obtained if the sample is rotated so that the
takeoff angle is less than 90°; then the apparent layer thickness, the dis-
tance into the surface from which electrons may escape, must be adjusted to

account for the detection angle. The adjusted thickness t' is given by:
t' = t/sin 6 (2)

vwhere 0 (see Fig. 1) is the takeoff angle from the surface analyzed. Differ-
ent forms of Eq. (1) will be used in subsequent sections of this report to

treat different physical/chemical situations, such as a layer of oxide on top
of MoS; or the layering of S and Mo atoms in pure MoS; and in MoS; thin films.

12




IV. OXIDATION OF 200-nm-THICK FILMS

Oxidation of MoS; films produces MoO4 either throughout the bulk of the
film, for films with randomly oriented crystallites (designated Type I films),
or as a thin layer on the film's surface, for planar-oriented films
(Type 11).3:7 The formation of MoO; shifts the Mo3d XPS peaks approximately
3 eV to higher binding energy. The value of this shift is, within the
resolution of our spectrometer, the same as the value of the 3d5/2-3d3/2
doublet splitting energy. A three-peaked spectrum results for a partially
_oxidized film, as indicated in Fig. 3(¢). The relative amounts of oxide and
sulfide within the analysis depth of a typical film can be calculated from the
XPS spectra, using the crystal spectrum (Fig. 2) as a reference. The inte-
grated intensity ratio for the 3d5/2-to-3d3/2 peaks of molybdenite is 1.55:1,
which agrees with the theoretical value of 1.5:1. The peak-to-peak ratio is
approximately 1.8:1. The analogous peak-to-peak ratio for a fully oxidized
film is 1.51:1. Using these ratios and assuming the presence of only two Mo-
containing substances in a partially oxidized film, one can calculate the
ratfio of Mo(IV) to Mo(VI), or MoS, to MoO3, for any film. The data of Fig. 3
evidence that these ratios vary as a function of the takeoff angle of analy-
sis, especially for Type 11 films. Type II films are much less oxidized than
Type 1 after 1.5 years' storage in dry air, and the strength of the sulfide
signal increases significantly relative to that of the oxide as the takeoff
angle approaches 90 deg, meaning that the thickness of the oxide layer on the

film's surface is comparable to the electron-escape depth.

The oxygen spectra for partially oxidized MoS, films are composed of at
least two peaks, one for oxide oxygen (02') at a binding energy of ~ 531 eV
and one for adsorbed oxygen (or OH) at ~ 532 eV. Changes in the relative
intensities of the oxygen peaks as the takeoff angle is varied provide another
indication of the oxide (presumably HoO3) layer thickness. Normally, the
closer the takeoff angle is to the surface normal, the greater is the strength
of the oxide signal relative to that of the adsorbed layer, because the
adsorbed layer is presumed to cover the oxide or sulfide or both.11 The

13




spectra of Fig. 4 show that the situations for Types I and II MoS; films
differ: Type I films exhibit the conventional behavior, but Type II films
behave oppositely, the oxide signal decreasing relative to that of the
adsorbed oxygen as 0 increases. The spectral variations for Type II films are
consistent with a very thin, possibly hydrated or discontinuous layer of oxide
on the sulfide surface, with adsorbed oxygen or water throughout the oxide
layer and even between the oxide and sulfide.

TIIW'IT']"‘ ]‘l‘iTTfT]ﬁl’
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Fig. 3. Molybdenum XPS spectra at different angles
of 200-um-thick, rf sputter-deposited MoS,
films after storage for 1.5 years in dry air:
(a) Type I film at 30°, Mo(IV):Mo(VI) =~ 0.2;
(b) Type I film at 64°, Mo(IV):Mo(VI) =~ 0.3;
(¢) Type II film at 30°, Mo(IV):Mo(VI) =~ 0.9;
and (d) Type II film at 60°, Mo(IV):Mo(VI) ~ 1.7.
Figure 5, a plot of the ratios of film constituents as functions of the
takeoff angle, depicts the gross differences between the two types of films.
The sulfide [Mo(IV)] to oxide [Mo(VI)] ratio for Type Il films is almost ten
times greater than that for Type I films. The line marked "calculated for
1.2-nm MoO3" f1lm was obtained by the use of a variation of Eq. (1) together

with the following assumptions: (1) the 1.2-ma-thick MoOy layer was assumed

14




to be continuous and 100 percent oxide; (2) the thickness of the MoS; layer
was assumed to be much greater than AMo’ the escape depth of Mo electrons;
(3) the escape depths for Mo(IV) and Mo(VI) electrons were assumed to be

equal, as were the other parameters in the proportionality constant K; and

(4) the effects of adsorbed oxygen were ignored. If appropriate substitutioms
are made in Eq. (1), the ratio of Mo(IV) emission intensity to Mo(VI) inten-

sity for 6 = 90° can be expressed as follows:

Mo(v) e ty/N) 1

Ho(VD) ~ T = exp(-t,/0)  exp(g,/N) - 1 (3)

where t,; is the thickness of the MoOj layer. The variation in this ratio with
takeoff angle @ can be expressed by combining Eqs. (2) and (3) to give

Mo(IV) 1 )
Mo(VI1) exp(tzlk sin 6) - 1
I | | | | 1§ | |
{al {bi
26.5°
= B6°
172
=
=
[ | N R | | ] L ]
535 533 531 529 535 533 SA

BINDING ENERGY, eV

Fig. 4. Oxygen XPS spectra at different angles
for the same MoS, films as in Fig. 3:
(a) Type I film; (b) Type II film.
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Fig. 5. Variation in Mo and O XPS peaks for 200-mm-thick

sputter-deposited Mosz films as a function of

takeoff analysis angle 6. See text for

explanation of calculated line. O,= Mo(IV):Mo(VI)

Type II; O = 027/0, Type I; A =0 /0, Type II;

O = Mo(IV):Mo(VI) Type I.
The fit of Eq. (4) with ty = 1.2 nm to the data for the Type II film is very
good, considering the model's simplicity. The deviation at the smaller takeoff
angles can be attributed to less than 100 percent oxidation of the film or to
the presence of voids (discontinuities) in the oxide layer, or both. That the
best fit for these data corresponds to a 1.2-mm-thick oxide layer over the
MoS), agrees excellently with the results of AES and XPS measurements on a
variety of films at constant angle, for which calculations indicated an oxide

layer 1 to 1.5 nm thick for Type I1 films and > 30 mm thick for Type I films.’
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V. LAYERING OF SULFUR AND MOLYBDENUM ATOMS

Pure molybdenite (Mosz) has a hexagonal, layered crystal structure, with
planes of S and Mo atoms alternating. The outermost layer for the basal sur-
face 18 S atoms with a layer of Mo and then two S layers followed by another
Mo layer and so forth.12 This layered arrangement affects the relative
1ntensit1es'of both Auger electrons and photoelectrons emitted from the
respective elements.7’13 The measured S:Mo peak intengity ratios are much
larger than the 2:1 stoichiometry would indicate, even after correcting for
the standard sensitivity factors,la

(shields) electrons emitted by the ﬁo atomg but is itself unshielded on a

partly because the outer S layer scatters

clean surface. [The layered structure of Hosz with the basal surface of
sulfurs makes them very convenient materials to study by electron spectroscopy
because very little adsorption of ambient gases occurs.13’15'16) This
shielding phenomenon is accentuated when the angle of analysis of the emitted
electrons is changed, just as in the case of the contaminant overlayer (oxide)
discussed in the preceding sectfon. A reduction in the takeoff angle will
enhance the S signal relative to that of Mo if the surface analyzed is ordered
as the single crystal. Consequently, a plot of the S:Mo peak intensity ratio

versus the angle 9 should show an upward curve at small values of 9.

Angle-variation data for freshly cleaved Hosz crystals, presented in
Fig. 6, indicate thé expected increase at small 6 for both the S:Mo and the
O:Mo ratios, that increase confirming the supposition that both S and 0O have
relatively high concentrations on the outermost surface of the crystal. These
data can again be fit quite well by reference to Eq. (1). For the S:Mo ratio,
the outer S layer will attenuate the Mo electrons and these levels will atten-
uate emission from lower levels. If only the outermost S and Mo layers are
considered, then the Mo but not the S signal will change as a function of 6,
if one neglects angular variations in emission intensity caused by orbital
syametries. The intensity of the Mo emission will be given by

Tno = Ko etp(-tzll sin 0) [1 - exp(-tllx sin 9)] ¢))

17




vhere t; is the thickness of the emitting Mo layer and ty that of the atten-
uating S layer. The ratio of Mo intensity at 68 = 90° divided by that at
any 6 is given by

Igge i} exp(-t,/1)
Ie exp(-tzlx sin @)

(6
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Fig. 6. Variation in S$:Mo (0J) and O:Mo () as a

function of 0 for basal plane of molyb-

denite single-crystal substrate. Lines

for fit to each data set are calculated

from Eq. (6) in text.
Equation (6) was used both to produce the curve in Fig. 6 for ty = 0.154 om,
which is the Mo-S lattice spacing in molybdenite, and to fit the data for
the O:Mo peak intensity ratios but with a thickness of adsorbed oxygen of
0.55 nm, indicating more than one monolayer of adsorption. The latter result

contrasts to conclusions of previous studies that there was negligible 0,

18




adsorption on the basal plane of molybdenite.15'16 However, their data show -
some oxygen peaks, and they made no attempt to estimate how much might be

present on the surface.

The curves calculated from the simplified model of electron scattering
by the outermost S or O layers on these molybdenite crystals fit those data
rather well, which is somewhat surprising, especially for the S:Mo data. The
calculation considers only one scattering S layer. In fact, effects due to
many layers of S and Mo weighted for their thicknesses and depths beneath the
surface should be summed in a multilayer scattering calculation. Such a cal-
culation was made with the assumption that single S and Mo layers had the same
thickness and scattering cross section, and the results did not fit the data
-as well as the single-layer model. Future work will produce more refined mul-
tilayer calculations that will vary the effective layer thicknesses of S and
Mo to establish whether the fit to the data can be improved. The calculation
that yielded the oxygen layer thickness of 0.55 nm first assumed shielding of
the Mo emission by a single S layer and then determined the amount of oxygen
needed to best fit the 0:Mo data. No claim is made concerning the chemistry of
the oxygen gpecies beyond the fact that it is adsorbed over the S of MoS,. It
could be molecular 0, or adsorbed H,0, but clearly no oxidation of either 52-
or Mo(IV) in the crystal could be detected. [It turns out to be unnecessary
to include the oxygen layer in the S:Mo calculations because the oxygen
shields both the S and Mo signals and cancels algebraically in the derivation
of Eq. (6).]

19




VI. ORIENTATION OF SPUTTERED MoS, FILMS

An attempt was made to obtain sputtered films oriented, throughout their
depth and at the film-substrate interface, in a configuration with their basal
plane parallel to the substrate surface plane, by depositing the MoS, onto an
already oriented substrate: slices of molybdenite crystal. Highly polished
stainless-steel substrates were placed adjacent to the single-crystal sub-

‘ strates during depositions to obtain films prepared under identical coanditions
| on each surface. Very thin films (4-20 nm thick) were prepared to examine the

interface region between film and substrate.

Results for a 4.3-mm—-thick £film on the molybdenite crystal are shown in
Figs. 7 and 8. The shapes of the Mo peaks (Fig. 7; i.e., the full widths at
half maxima) compared with those for the bare substrate (Fig. 2) evince the
inferior crystallinity of the films and indicate that some oxidation of the
films has occurred. However, the increase in the S:Mo ratio with decreasing
® indicates that some orientation of the crystallites of deposited films
persists. Data for the S:Mo ratio for unoriented films, those deposited on
the steel substrates, ranged between 0.95:1 and 1:1 with no trend in terms of
takeoff angle. A good fit to the data for the thin film on molybdenite for
S:Mo variation is obtained if the multilayer scattering calculation is used.
However, there is deviation at near-grazing angles (see the solid line in
Fig. 8).

The 0:Mo ratio also changes with 6 much like the single-crystal data.

However, for the thin film there is more than a twofold increase in the
relative oxygen signal (compared with the crystal substrate) and there is a
substantial fraction of oxide signal (as opposed to adsorbed oxygen species)
that shows a relative increase as 9 approaches 90°. This behavior is like
that shown in Fig. 5 for the 200-mm-thick Type 1 films, on which a layer of
adsorbed oxygen species overlaid the oxide layer. In contrast to the Type I
films, though, the variation in the Mo(IV) and Mo(VI) peaks shows an opposite
trend; that is, there is relatively more Mo(IV) (MoSy) at the outer surface of
the thin fila. The probable explanation of this result is that there is a
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layer of oxide between the substrate surface and the thin film that was formed
during the initial stages of deposition. Even though a shutter is used to

condition the sputtering target before deposition, some oxygen must be present
when the shutter is first opened and reacts to form a thin oxide layer that is
gradually covered with MoSy. As sputtering continues, the sulfide deposition
predominates and the relative amount of Mo(IV) exceeds 90 percent of the total
Mo. Analyses of slightly thicker films (8 and 16 nm thick) do not show these
trends in Mo and 0 signals with 6, confirming this explanation; emission from
the interfacial oxide layer is totally shielded by the thicker MoS, films.
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Fig. 7. Molybdenum XPS spectra at different angles
for 4 .3-mm-thick Hosz film on molybdenite
crystal substrate: (a) 6 = 7.5°,
Mo(IV):Mo(VI) =~ 13; (b) 6 = 60°,
Mo(IV):Mo(VI) = 6.

The 4.3-mm-thick film of MoS; on the steel substrate also indicates the
presence of an oxide layer between the film and substrate, which was expected
because the substrate had an oxide layer prior to deposition. The spectra of
this film did not show any significant variation in S:Mo with 0, indicating
that either the film crystallites are not oriented on the steel surface or the
steel surface is too rough for the small variations within the film to be

measurable.
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data was calculated using Eq. (6).
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] VII. CONCLUSIONS

The preliminary results of angle-dependent XPS measurements together with
electron scattering calculations demonstrate that it is possible to detect
orientation of sputtered MoS, films, when it occurs, and also to assess oxida-
tion processes both during the deposition process and subsequently, when the
fila is exp&sed to various environments. Careful analysis of the angle-
dependent data provides composition, structure, and depth information beyond
that attainable with constant-angle measurements. Present results show (1) :
the presence of a 1.2-mm-thick MoO; layer on the outer surface of 200-mm-thick
Type I1 MoS, films; (2) the presence of a much thicker MoO4 layer on Type I
films; (3) the layering of Mo and S atoms within the basal planes of molybde- |
nite crystals; (4) the presence of multilayer (2-3 layer) adsorption of
oxygen—-containing species on the basal surface of molybdenite: (5) the planar
orientation of very thin (4.3~nm) sputter-deposited MoS, films on molybdenite
substrates; and (6) the formation of an oxide layer during the initial stages
of sputter deposition of MoS, films. Further work is required to obtain 4
thicker films that are oriented at the substrate interface and throughout the
bulk layers, and to eliminate the interfacial oxidation during the deposition.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica~
tion of scientific advances to new wilitary space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developaents {s vital to the
accomplishment of tasks related to these problems. The laboratories that con~
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aserodynamice and heat
transfer, propulsion chemistry and fluid mechanics, structural aechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cv and pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermseasures.

Chemistry and Physics Laboratory: Atmospheric chemicsl reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal sand device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault~tolerant computer systems, artifictal intelligence,
and microelectronics applicatious.

Materials Sciences Laboratory: Developument of new materials: wetal matrix
composites, polymers, and new ?lom of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in

space environment; materials performance in space trangsportation systems; anal-
ysis of systems vulnerability and survivability in enemy-induced envirohments.

Space Sciences Laboratory: Atmospheric sand fonospheric physics, radiation

from the stmosphere, density and coaposition of the upper atmosphere, aurorae
and sirglow; magnetospheric physics, cosaic rays, generation and propagation of
plasma waves in the magnetosphere; wsolar physics, infrared astronomy; the
effects of nuclear explosions, wmegnetic storms, and solar activity on the
earth's atmosphers, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.







